A population of cells surviving during prolonged incubation in suspension (anoikis-negative cells) were selected from the original anoikis-positive human intestinal carcinoma cell line Caco-2. Anoikis-negative cells are characterized by a strong transcriptional downregulation of the av-integrin chain as detected by FACS analysis, RT ± PCR and Northern blotting. This ®nding suggested that av-integrin generates a signal stimulating apoptosis of Caco-2 cells upon their detachment from the extracellular matrix. Two lines of evidence supporting this suggestion were provided. First, activation of the avb3 integrin on Caco-2 cells by their treatment with an avb3-speci®c monoclonal antibody resulted in marked stimulation of anoikis. Second, treatment of Caco-2 cells with av-speci®c antisense oligonucleotide resulted in downregulation of the expression of av chain and in elevated resistance of these cells to anoikis. Thus, for the ®rst time, our data prove that avb3 integrin can be an active transducer of apoptosis-stimulating signals generated in response to disruption of the cell ± matrix contacts. Oncogene (2001) 20, 4710 ± 4717.
Introduction
Anchorage-dependent apoptosis is induced by disruption of cell adhesion to the extracellular matrix. This type of apoptosis has been termed anoikis (Greek for homelessness) (Ruoslahti and Reed, 1994; Frisch et al., 1996; Khwaja and Downward, 1997) . Integrins ± cell membrane receptors which promote interactions between cell and matrix proteins, participate in signal transduction and are reported to play an important role in anoikis. Some integrins, when bound to a substrate, generate signals which protect cell from apoptosis, while the disruption of these bonds leads to cell death (Frisch and Francis, 1994; Frisch and Ruoslahti, 1997) .
Integrin-mediated signal pathways controlling apoptosis have not been elucidated in detail. Speci®cally, it is not clear whether integrins are capable of transducing only protective (antiapoptotic) signals, versus their ability to generate a proapoptotic signal upon cell detachment from the substrate.
Recent studies have focused on the properties and functions of the integrin avb3. Unlike other integrins, this receptor is much more promiscuous in its anity to various macromolecules (Eble, 1997) , suggesting its implication in diverse biological processes (Frisch and Ruoslahti, 1997; Berman and Kozlova, 2000; Brooks et al., 1996; Eliceiri and Cheresh, 1999) . The involvement of avb3 in anoikis has been demonstrated in studies of many cell types (Eliceiri and Cheresh, 1999; Montgomery et al., 1994; Brooks et al., 1994; Stromblad et al., 1996; Brassard et al., 1999) . It was shown that blocking the function of avb3 by its antagonists led to apoptosis, while stimulation of the receptor by agonists rescued cells from death. The results of these investigations suggest that avb3, as a rule, mediates signals preventing apoptosis.
In the present study we provide evidence that the integrin avb3 can generate an apoptosis-stimulating signal upon disruption of the cell ± matrix contact.
Results
First we address the question of whether Caco-2 cells grown on a non-adhesive substrate, poly-HEMA, die by the apoptotic mechanism. One of the characteristic events of apoptosis is DNA degradation, which is sometimes revealed as a ladder of 200-bp multiple oligonucleotide fragments on a DNA gel (Wyllie, 1980) . As shown in Figure 1 , DNA isolated from the original Caco-2 cells migrates as a single, high molecular weight band. In contrast, DNA isolated from cells cultured on poly-HEMA for 48 h exhibits considerable degradation.
Next we attempted to isolate a cellular population which would survive in suspension, i.e. during incubation on poly-HEMA. To this end, we collected cells after 48 h incubation on poly-HEMA and plated them on an adhesive substrate (collagen). Under these conditions, only vital cells will adhere, whereas dead cells will remain in suspension. Figure 1 shows that DNA isolated from the cells attached to collagen after a 48 h incubation on poly-HEMA demonstrated no signs of degradation. Thus, adhered to collagen were the cells which survived in suspension.
The above data were con®rmed by the FACScan analysis of the cell cycle distribution of Caco-2 cells before and after their incubation on poly-HEMA. Cells with sub G1 DNA content (52 n) were scored as apoptotic (Frisch and Francis, 1994) . As shown in Figure 2 , the content of apoptotic cells in the original population is 4%. As the time of incubation on poly-HEMA increased, the content of apoptotic cells rose to reach 54% after 48 h of incubation. On the other hand, the population of cells attached to collagen after 48 h incubation on poly-HEMA had the same low content of apoptotic cells as the control population.
Thus, two assays showed that Caco-2 cells featured strong anchorage-dependence of apoptosis, i.e. these cells are anoikis-positive. Cells which sustain their viability in suspension for a long time were designated as anoikis-negative. It should be noted that a subpopulation of the progeny of these cells, propagated under standard conditions on tissue culture plates, lost their ability to survive on poly-HEMA and resumed the anoikis-positive phenotype.
Considering the role of integrins in anoikis, it was of interest to reveal the dierence in surface expression of these receptors in cells prior to incubation in suspension (original population) and in cells which survived this incubation (anoikis-negative cells). In our previous study (Morozevich et al., 1998) , we have shown that both types of cells express a wide spectrum of integrins, which are mainly represented by the members of b1 integrin subfamily including a1b1, a2b1, a3b1, a5b1 and a6b1. No dierence in expression of these receptors was found between these cell types. However, the original population of cells, as compared to anoikis-negative, were much more active in expressing the integrin avb3.
In the present study, we conducted a FACScan analysis to provide a quantitative estimate of the integrin expression in two types of cells. Figure 3 demonstrates that as the time of cell incubation in suspension increased from 0 ± 48 h, the content of avb3-expressing cells in the surviving population (i.e. in cells capable of attachment to matrix after incubation in suspension) decreased from 64 to 15%. The content of b1-expressing cells decreased during the same period from 78 to 52%. The decrease of b1-expressing cells could be due to the reduction of the number of cells expressing avb1.
To elucidate whether the decrease of expression of avb3 in anoikis-negative cells resulted from a reduced expression of the av-and/or b3-subunit genes, we carried out a semiquantitative RT ± PCR analysis of the content of av and b3 mRNAs in the total RNA isolated from both types of cells. Figure 4 shows that the level of av mRNA in anoikis-negative cells was much lower than in the original population of cells as revealed by RT ± PCR using primers speci®c for the av gene. This ®nding was con®rmed by Northern blot hybridization using the PCR product from Figure 4a as a probe ( Figure 4b ). As shown there, the signal corresponding to the av mRNA (appr. 6 kb) was much weaker in RNA isolated from anoikis-negative cells Figure 1 DNA fragmentation in Caco-2 cells after incubation on poly-HEMA. DNA was extracted with 0.5% Triton X-100, 10 mM EDTA, 10 mM Tris, pH 7.4, phenol-chloroform deproteinized, ethanol precipitated and analysed on a 1.5% agarose gel in TBE buer. (1) subcon¯uent Caco-2 cells were Trypsin/EDTA harvested from cell culture dishes; (2) subcon¯uent cells were harvested and then incubated on poly-HEMA in DMEM/F12 medium with 10% FCS at 378C for 48 h; (3) cells were treated as in (2), then incubated on the collagen-coated plates at 378C for 2 h and DNA was isolated from the attached cells Figure 2 Flow cytometric analysis of apoptosis. Trypsin/EDTA harvested cells were plated on a poly-HEMA-coated substrate or on a poly-HEMA with subsequent incubation on the collagen substrate. Cells were processed for¯ow cytometry as described in Materials and methods. (a ± d) Cells were on poly-HEMA for 0, 3, 24, and 48 h, respectively; (e) cells were on poly-HEMA for 24 h, followed by a 2 h incubation on collagen and the attached cells were subsequently analysed; (f) the same as in (e) except that the cells were on poly-HEMA for 48 h. Shown are percentages of cells with subdiploid DNA content than in RNA from the original population of cells. No dierence was detected in expression of the b3 gene in both types. Thus, the decrease in the surface expression of avb3-integrin in anoikis-negative cells was due to the inhibition of the av gene expression. The observed changes in expression of avb3 in anoikis-negative cells could be an accidental feature not related to protection from apoptosis. Alternatively, these ®ndings could suggest that disruption of the attachment to a substrate triggers a avb3-mediated signal for apoptosis in Caco-2 cells. Then, if the original population of Caco-2 cells contains a certain number of cells with a decreased expression of avb3-integrin, these cells have higher resistance to anoikis and consequently, an increased chance of survival.
To test this hypothesis, the original cells were cultured on immobilized monoclonal antibodies speci®c for the avb3-dimer, the av-subunit, and the b1-subunit.
Adhesion on such a substrate leads to the clustering of the respective receptor in the membrane, its activation and generation of a signal (Seftor et al., 1992) . As a negative control, we used cells cultured on mAb to class I histocompatibility antigen HLA-ABC that was shown to generate no apoptotic signals upon its clustering (Meredith et al., 1993) . Figure 5 demonstrates that activation of b1-integrins in the original cells did not aect their apoptotic response to . RNA was reverse-transcribed as described in Materials and methods. cDNA was added to the PCR mixtures at dilutions 1 : 5 (lanes 1,2), 1 : 10 (lanes 3,4), 1 : 20 (lanes 5,6) and ampli®ed using av-, b3-, or GAPDH-speci®c primers. PCR products were fractionated on a 1.5% Tris-borate agrose gel. Note that with the above cDNA dilutions the PCR ampli®cation was in an apparently exponential phase (lanes 1,3,5), anoikis-positive cells; (lanes 2,4,6), anoikis-negative cells. (b) 20 mg total RNA from anoikis-positive (1) or negative (2) cells were separated on a formaldehyde 1% agarose gel and blotted to a nylone membrane (Amersham). av-speci®c probe was prepared by cutting o an av cDNA-generated band from PCRfractionating agarose gel, followed by DNA extraction using Qiaex-kit (Qiagen Inc). DNA was then nick-translated with [a-32 P]dATP and hybridized to RNA at 428C for 20 h (c) as loading control, samples were stained with ethidium bromide before blotting avb3 integrin and anoikis NI Kozlova et al deprivation of the contact with substrate. In contrast, activation of the integrin avb3 by antibodies, both against the dimer and the av-subunit, signi®cantly increased the level of apoptosis of cells in suspension. This eect was observed with two apoptosis detection methods. The dierence in the level of apoptosis in avb3-stimulated and control cells was greater during a shorter period of incubation in suspension.
Another approach employed in this study was to investigate anoikis in cells in which the av-subunit was downregulated using a av-speci®c antisense oligonucleotide. To control this experiment we used untreated cells and cells incubated with the sense av-speci®c oligonucleotide. Preliminarily, using¯ow cytometric analysis, it was shown that a 72-h incubation of cells with 10 mM antisense oligonucleotide led to a decrease of approximately 50% in the surface expression of avb3 (data not shown). Incubation with the sense oligonucleotide had no eect on the expression of this receptor. Although the decrease in the expression of avb3 was relatively small, it was accompanied by a pronounced eect on anoikis. As shown in Figure 6 , apoptosis in the cells pretreated with the antisense oligonucleotide and maintained in suspension for 24 h, was 30 ± 40% lower than in untreated cells. This eect was statistically signi®cant (P50.01) and speci®c, because the treatment of the cells with the sense oligonucleotide had no eect on their survival.
Thus, activation of the avb3-integrin stimulates anoikis in Caco-2 cells, while downregulation of avb3 enhances cell resistance to this type of apoptosis. If activation of the avb3-receptor leads to the generation of an apoptotic signal in cells in suspension, it was of interest to establish whether a similar signal would be generated in the cells attached to a substrate. To this end, we determined the level of apoptosis in Caco-2 cells attached for a prolonged time to avb3-speci®c antibodies. As shown in Table 1 , the level of apoptosis in these cells did not dier from that in the cells attached to a natural substrate, collagen, or to antibodies to the histocompatibility antigen. Thus, avb3-induced stimulation of apoptosis is anoikisspeci®c, i.e. the apoptotic signal is generated only if the cell ± matrix contacts are disrupted.
Discussion
We have shown that Caco-2 epithelial cells, when devoid of substrate binding, die by apoptosis. In the literature, this type of apoptosis has been termed anoikis. At the same time, some cells were shown to survive under these conditions. The number of surviving cells in the population is lower the longer they are in suspension. Surviving cells, unlike the dead ones, are capable of adhering to a natural substrate, collagen, and can, therefore, be isolated. Anoikisnegative cells were found to dier from their anoikispositive counterparts by a drastic decrease in surface expression of the integrin avb3, a phenomenon that appeared to be due to the inhibition of expression of the av gene. It should be emphasized that after several passages on a natural substrate the progeny of anoikisnegative cells recovered both the substrate dependence C-thymidine (see Materials and methods) the original Caco 2 cells were resuspended in serum-free culture medium and incubated for 3.5 h at 378C in six-well plastic plates (2610 5 cells/ well), containing immobilized antibodies prepared as follows. The plates were coated with 25 mg/ml rabbit anti-mouse polyclonal antibodies (Sigma) in PBS at 378C for 2 h, followed by blocking with heat-denatured BSA (10 mg/ml) at 378C for 1 h. The plates were then coated with 1 : 100 dilutions of mAbs LM609 (antiavb3), VNR-147 (anti-av), P5D2 (anti-b1), and ICO-53 (anti-HLA) for 18 h at 48C. Following incubation on the antibody substrates, combined attached and unattached cells were collected by Trypsin/EDTA, resuspended in DMEM/F12 with 10% FCS and incubated on poly-HEMA for 12 h at 378C. Apoptosis was then determined as described in Materials and methods. (b) Original Caco-2 cells were resuspended in serum-free medium and subjected to antibody-induced stimulation as in (a), followed by plating on poly-HEMA for 18 h at 378C. Apoptosis was then quantitated by the¯ow cytometry. For both (a) and (b) shown are the mean+s.e.m. of three independent experiments with four replicates in each Oncogene avb3 integrin and anoikis NI Kozlova et al of apoptosis and the expression of avb3-integrin. This ®nding implies that the original line does not contain a stable population of anoikis-resistant cells for which this resistance is an inherited trait.
These data could lead one to believe that the change in the surface expression of avb3 is an accidental phenotypic feature that is not related to the pathways involved in apoptosis. Alternatively, one could suggest that in Caco-2 cells lacking substrate binding, the avb3-integrin generates a signal for apoptosis. In this case, the population of avb3-negative cells would survive in suspension.
This suggestion was tested using two approaches. In one of them, we explore the eect on anoikis of activation of avb3. This was accomplished by plating anoikis-positive cells on a substrate consisting of immobilized anti-avb3-antibodies. When immobilized on a substrate, anti-integrin antibodies are capable of inducing clustering of the appropriate integrin, its activation and signal transduction, thereby acting as agonists. In the other approach, we examine the eect on anoikis of downregulation of avb3, caused by the av-speci®c antisense oligonucleotide. As we expected, in the former case the cells were more sensitive to anoikis; in the latter, they were more resistant. Thus, the avb3-integrin is capable of generating a signal to enhance apoptosis induced by the absence of cellsubstrate adhesion.
Involvement of integrins in the signal pathways controlling apoptosis has been the subject of numerous studies. It has been shown that human melanoma cells lacking av subunit progressed to apoptosis during cultivation in a three-dimensional collagen gel, whereas recovery of the synthesis of this subunit prevented apoptosis . This result is consistent with the ®nding that an avb3-antagonist that blocks attachment to the matrix and signal transduction stimulated apoptosis of chicken embryo angiogenic cells growing in vivo (Brooks et al., 1994) and of endothelial cells growing in a three-dimensional gel (Kuzuya et al., 1999) . On the other hand, in Chinese hamster ovary and human osteosarcoma cells an apoptosis-protective role is played by the ®bronectin-speci®c integrin a5b1 but not by avb3 (Zhang et al., 1995) . Thus, involvement of a particular receptor in apoptosis is determined by the type of cells and the nature of the signal (e.g., the absence of growth factors or disruption of adhesion to the matrix) which triggers apoptosis.
These and other studies of the role of integrins in apoptosis have led to a conclusion that the function of these receptors mainly consists of transferring or generating signals protecting cells from death. This conclusion is supported by studies which have demonstrated the eect of integrins on the activity of various phosphokinases and other intracellular proteins playing an important role in cell survival (Frisch and Ruoslahti, 1997; Berman and Kozlova, 2000; Vuori, 1998; Howe et al., 1998) . avb3 has been found to be involved in the activation of MAPK/ERK (Eliceiri et al., 1998) and NF-kB (Scatena et al., 1998) , and in the inhibition of the activity of p53 and p21 waf1 .
At the same time, recent reports have provided evidence that integrins can also be active in transduction of apoptosis-stimulating signals. Thus, it was shown that the integrin a6b4 induces apoptosis in RKO carcinoma cells by stimulating p53 function (Clarke et al., 1995; Bachelder et al., 1999a) . In p53-de®cient cells this integrin demonstrated an antiapoptotic eect and promoted survival of the cells by Cells were harvested by Trypsin/EDTA treatment, washed, resuspended in DMEM/F12 with 10% FCS and incubated on the antibody-coated substrates prepared as indicated in Figure 5 . Attached cells were collected, stained with propidium iodide and apoptosis was determined by¯ow cytometry as speci®ed in Materials and methods. Shown are the mean+s.e.m. of two independent experiments, each performed in triplicate avb3 integrin and anoikis NI Kozlova et al activating the serine/threonine kinase AKT/PKB (Bachelder et al., 1999b) . In addition, this ambivalent eect was found to be cell type-speci®c since a6b4 promoted apoptosis in endothelium (Miao et al., 1997) but supported survival in keratinocytes (Dowling et al., 1996) . Likewise, the a5b1-integrin was shown to suppress apoptosis of serum-starved HT29 colon carcinoma cells (O'Brien et al., 1996) but to be involved in a tumor supressor-induced anoikis of pancreatic carcinoma cells (Plath et al., 2000) . The pathways of avb3 involvement in apoptosis are also likely to be cell type-speci®c. Thus, avb3-mediated activation of apoptosis, distinct from anoikis, has been recently documented in kidney embryonic cells (Brassard et al., 1999) . In more detail, the authors showed that treatment of the cells with the RGD-containing avb3-antagonist echistatin led to apoptosis, occurring prior to cell detachment, and had no eect on cells in suspension, although echistatin did bind avb3. Therefore echistatin is thought to have a dual eect. When administered for a long time, it functions as an antagonist and, like other RGD-antagonists, displaces the cells from substrate, thus interrupting the survival signal. Upon a short treatment it acts as an agonist and activates integrins to generate an apoptotic signal. However, this study does not deal with the mechanism of echistatin-induced activation of the receptor. A commonly accepted mechanism of signal generation includes not only receptor binding (ligation), but also its clustering in the membrane. For this eect to be realized in cultured cells, it is essential that the receptor is bound to the ligand immobilized on a solid substrate. The data presented by the authors did not address whether echistatin was immobilized and whether integrin clusters were formed. Consequently, it can not be unequivocally ruled out that stimulation of apoptosis by echistatin was due to the disruption of the cell-substrate contacts and blocking the antiapoptotic signal rather than to the activation of the receptor and induction of a proapoptotic signal.
In summary, it should be noted that an`atypical' eect of integrins on apoptosis, revealed in our studies and by other authors, elucidates their involvement in versatile and ecient pathways of the cell survival control. The essence of these pathways is that the same receptor sends a`rescue' signal in a normal physiological situation and shifts it to a`death' signal under abnormal conditions when the death of`homeless' cells would be advantageous for the population. Our results explain contradictory data on the role of avb3 in establishing a malignant phenotype of tumor cells. This receptor is known to be involved in invasion and metastasis of some lines of tumor cells (Marshall et al., 1991; Gehlsen et al., 1992; Heino, 1996; Berman and Kozlova, 2000) . However, a highly metastasizing line of melanoma cells was reported, which had a low level of avb3-expression but demonstrated strongly inhibited experimental metastizing upon re-expression of this receptor (Danen et al., 1996) . This ®nding can be explained by the avb3-mediated anoikis occuring in circulating melanoma cells re-expressing this receptor.
Materials and methods

Reagents and cells
mAb LM609 against the human avb3-integrin dimer, mAb VNR-147 directed to the av-integrin subunit, and b1-subunitspeci®c mAb P5D2 were purchased from Chemicon Int., Gibco/BRL and Developmental Studies Hybrydoma Bank, respectively. Monoclonal antibody ICO-53 to the human hystocompatability complex HLA-ABC was a gift from Dr A Baryshnikov (Moscow Cancer Research Center, Russia). Poly(2-hydroxyethylmethacrylate) (poly-HEMA) was purchased from Sigma. Antisense phosphorothioate oligodeoxyribonucleotide (5'-gactgtccacgtctaggt-3'), complementary to the human av mRNA (136 ± 153 b), and control sense phosphorothioate oligonucleotide (5'-acctagacgtggacagtc-3'), corresponding to the same region were synthesized and provided by Syntol Ltd (Moscow, Russia). Human intestinal carcinoma cell line Caco-2 was kindly provided by Dr A Tyner (University of Illinois, IL, USA). Cells were grown in DMEM/F-12 (1 : 1) supplemented with 16% FCS (Gibco/ BRL), 100 mg/ml streptomycin, 100 U/ml penicillin.
Induction of anoikis and isolation of anoikis-negative cells
The non-adhesive substrate, poly-HEMA, was prepared in six-well plates (Costar) as described in Frisch and Francis (1994) . Due to its uniformly nonionic nature, poly-HEMA prevents cell attachment and matrix deposition. Caco-2 cells were harvested by trypsin/EDTA treatment in DMEM/F-12 medium containing 10% FCS, plated on poly-HEMA-coated plates (2610 6 cells/well) and incubated for 16 ± 48 h at 378C. To isolate a cell population that resisted anoikis, poly-HEMA-treated cells were transferred and incubated for 2 h at 378C on adhesive substrate prepared from type I collagen as described previously (Berman et al., 1993) . Only live cells are capable to adhere to such a substrate whereas dead cells remain in suspension. The attached cells were carefully washed and resuspended in PBS or culture medium for further analysis.
Determination of apoptotic/subdiploid cells by flow cytometry 10 6 cells were ®xed with ice-cold 70% ethanol, resuspended in 0.5 ml solution of 40 mg/ml DNase-free RNase in PBS and incubated for 30 min at room temperature. Propidium iodide was added to a ®nal concentration of 20 mg/ml and cells were stored at 48C prior to FACS analysis on FACS-Calibur (Becton Dickinson). The cell cycle distribution and subdiploid fraction were determined and quantitated using CellQuest Software (Becton Dickinson).
Evaluation of apoptosis by assaying the fragmentation of radiolabeled DNA
The percentage of apoptotic cells was evaluated by a described assay (McGahon et al., 1995) with some modi®ca-tions. Prior to the exposure to anoikis, 2610 6 cells at logphase were incubated in complete growth medium containing 10 mCi/ml of [U-14 C]thymidine (Amersham, 500 mCi/mmol) for 18 h at 378C. The cells were washed three times with PBS and incubated in complete medium for 1 h at 378C. After poly-HEMA treatment, cells were lysed in 20 mM Tris-HCl/ 4 mM EDTA/0.4% Triton X-100, pH 7.4 for 20 min at room temperature, followed by centrifuging at 14 000 g to separate intact and fragmented DNA. Pellets were resuspended in 0.5 ml of the above buer containing 1% SDS. Radioactivity of supernatants and pellets was then measured in a liquid scintillation counter. Apoptosis (%)=(c.p.m. supernatant/ c.p.m. supernatant+c.p.m. pellet)6100.
Flow cytometric analysis of integrin expression
2610
5 cells were resuspended in 50 ml of ice-cold PBS, incubated with subunit-speci®c integrin antibodies (1 : 200 ± 1 : 400 dilutions) for 1 h at 48C, pelleted and washed twice with PBS. Cells were then incubated for 30 min at room temperature with FITC-conjugated rabbit anti-mouse IgG (Sigma, 1 : 300 dilution), washed with PBS and ®xed with 1% formaldehyde in PBS. FACS analysis was performed on a FACS-Calibur (Bekton Dickinson).
RT ± PCR
Cells were dissolved in 3 ± 6 ml TRIzol (Gibco/BRL). Total RNA was extracted according to the manufacturer's protocol and RT reaction was performed in 20 ml mixture containing 1 mg heat-denatured total RNA, 16RT buer (50 mM TrisHCl, pH 8.3, 75 mM KCl, 3 mM MgCl 2 , 10 mM DTT), 1.25 mM oligo(dT) 12 ± 18 , 0.5 mM dNTP and 200 units MMLV reverse transcriptase (SuperScript II, Gibco/BRL) at 428 for 1 h. PCR was performed in 25 ml mixture containing 4 ml RT-product, 16PCR buer (20 mM Tris-HCL, pH 8.4, 50 mM KCl, 1.5 mM MgCl 2 ), 0.2 mM dNTP, 250 nM sense and antisense primers, and 1 unit Taq DNA polymerase (Gibco/BRL). Primers speci®c to the av-integrin subunit mRNA were: 5'-gttgggagattagacagagga-3' (sense), 5'-caaaacagccagtagcaacaa-3' (antisense). For the b3-subunit, the primers were: 5'-ggggactgcctgtgtgactc-3' (sense), 5'-cttttcggtcgtggatggtg-3' (antisense). For GAPDH, the primers were: 5'-accacagtccatgccatcac-3' (sense), 5'-tccaccaccctgttgctgta-3' (antisense). The mixture was pre-heated at 948C for 3 min. The cycling pro®le for av cDNA ampli®cation included a 45 s denaturation step at 948C, a 45 s annealing step at 568C followed by a 1 min elongation step at 728C. For GAPDH cDNA, the cycling pro®le was identical except that the annealing step was 45 s at 608C. The cycling pro®le for b3 cDNA included 1 m denaturation at 948C, 1 min annealing at 608C, followed by 2 min elongation at 728C. DNA was ampli®ed for 30 cycles. The PCR product was analysed on a 1.5% Tris-borate agarose gel. Serial cDNA dilutions were added in PCR to reveal those at which the PCR-ampli®cation was in the exponential range. These dilutions were then chosen to compare cDNA contents of dierent RT-products.
